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a b s t r a c t
During (−) strong-stop DNA [(−) SSDNA] synthesis, RNase H cleavage of genomic viral RNA generates
small 5′-terminal RNA fragments (14–18 nt) that remain annealed to the DNA. Unless these fragments
are removed, the minus-strand transfer reaction, required for (−) SSDNA elongation, cannot occur. Here,
we describe the mechanism of 5′-terminal RNA removal and the roles of HIV-1 nucleocapsid protein (NC)
and RNase H cleavage in this process. Using an NC-dependent system that models minus-strand transfer,
we show that the presence of short terminal fragments pre-annealed to (−) SSDNA has no impact on
strand transfer, implying efﬁcient fragment removal. Moreover, in reactions with an RNase H− reverse
transcriptase mutant, NC alone is able to facilitate fragment removal, albeit less efﬁciently than in the
presence of both RNase H activity and NC. Results obtained from novel electrophoretic gel mobility shift
and Förster Resonance Energy Transfer assays, which each directly measure RNA fragment release from
a duplex in the absence of DNA synthesis, demonstrate for the ﬁrst time that the architectural integrity
of NC’s zinc ﬁnger (ZF) domains is absolutely required for this reaction. This suggests that NC’s helix
destabilizing activity (associated with the ZFs) facilitates strand exchange through the displacement
of these short terminal RNAs by the longer 3′ acceptor RNA, which forms a more stable duplex with
(−) SSDNA. Taken together with previously published results, we conclude that NC-mediated fragment
removal is linked mechanistically with selection of the correct primer for plus-strand DNA synthesis and
tRNA removal step prior to plus-strand transfer. Thus, HIV-1 has evolved a single mechanism for these
RNA removal reactions that ar
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1. Introduction
The human immunodeﬁciency virus type 1 (HIV-1) nucleo-
capsid protein (NC) is a small, basic nucleic acid binding protein
having two zinc-binding domains or zinc ﬁngers (ZFs), connected
by a short, ﬂexible basic linker. Each ﬁnger contains the invari-
ant metal-ion binding motif, CCHC, and both ZFs are required for
virus replication (Bampi et al., 2004; Darlix et al., 1995; Levin et al.,
2005, 2010; Rein et al., 1998; Thomas and Gorelick, 2008). NC is
also a nucleic acid chaperone, which remodels nucleic acid struc-
tures so that themost thermodynamically stable conformations are
formed (Tsuchihashi and Brown, 1994; reviewed in Bampi et al.,
2004; Godet and Mély, 2010; Levin et al., 2005, 2010; Rein et al.,
Open access under CC BY-NC-ND license.1998). This activity is essential for many events in virus replication,
including a crucial role in facilitating efﬁcient and speciﬁc reverse
transcription (Darlix et al., 2011; Godet andMély, 2010; Levin et al.,
2005, 2010; Rein et al., 1998).
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Reverse transcription consists of a complex series of reactions
hat culminate in conversion of the single-stranded viral RNA
enome into a linear, double-stranded DNA copy that is ultimately
ntegrated into host chromosomal DNA (reviewed in Herschhorn
nd Hizi, 2010; Saraﬁanos et al., 2009). This process is catalyzed
y the viral reverse transcriptase (RT) enzyme (Baltimore, 1970;
izutani et al., 1970). The ﬁrst DNA product synthesized by RT is
short DNA copy of the 5′-end of the viral RNA genome, known
s (−) strong-stop DNA [(−) SSDNA]. As the DNA is being synthe-
ized, the RNase H activity of RT degrades the viral RNA template.
hen RT reaches the 5′-end of the template, 5′-terminal RNA frag-
ents, ranging in size from 14 to 18 nt remain annealed to (−)
SDNA (Fu and Taylor, 1992) because RNase H cleavage of blunt-
nded substrates is inefﬁcient (Champoux, 1993). However, these
NA fragments must be removed or the next step in the pathway,
inus-strand transfer, will be blocked. Although it is known that
C stimulates secondaryRNaseHcleavageofblunt-endedduplexes
Wisniewski et al., 2002) andplaysa role in5′-RNA fragment release
Chen et al., 2003b; Peliska et al., 1994), the precise mechanism has
ot been investigated.
Minus-strand transfer is required to generate full-lengthminus-
trand DNA (Gilboa et al., 1979; Telesnitsky and Goff, 1993) and is
ependent upon NC’s nucleic acid chaperone activity (Darlix et al.,
011; Godet and Mély, 2010; Levin et al., 2005, 2010; Rein et al.,
998). Two separate, but not mutually exclusive, mechanisms have
een proposed to explain how transfer occurs. The ﬁrst of these is
nown as “end terminus transfer”, i.e., transfer of the 3′ end of full-
ength (−) SSDNA to the 3′ end of viral RNA (acceptor RNA), in a
eaction facilitated by base pairing of the complementary repeat
R) regions (Telesnitsky and Goff, 1993). Indeed, cell-based assays
erformed with murine leukemia virus, spleen necrosis virus, and
IV-1 showed that a majority of the transfer events occurred after
ynthesis of (−) SSDNA (Klaver and Berkhout, 1994; Kulpa et al.,
997; Lobel and Goff, 1985; Ohi and Clever, 2000; Ramsey and
anganiban, 1993; Yin et al., 1997), demonstrating that end termi-
us transfer is an important mechanism for minus-strand transfer
n vivo.
More recently, an alternative “acceptor invasion-driven mech-
nism” has been proposed. This mechanism is based on data from
tudies of NC-dependent minus-strand transfer in reconstituted RT
ssay systems, which show that transfer can begin before comple-
ion of (−) SSDNA synthesis (Chen et al., 2003a,b; reviewed in Basu
t al., 2008; Piekna-Przybylska and Bambara, 2011). In this case,
Nase H cleavages at internal sites within the viral RNA template
reate gaps (invasion sites). These gaps make it possible for accep-
or RNA to displace template RNA fragments and subsequently
nneal to complementary sequences in (−) SSDNA. Removal of 5′-
erminal RNA fragments in the ﬁnal step has been suggested to
ccur by strand displacement and release of uncleaved 5′-terminal
NA (Chen et al., 2003b). Although there are clearly differences in
he twomechanisms forminus-strand transfer, it shouldbeempha-
ized that the requirement for fragment removal is independent of
hether transfer occurs after completion of or concomitant with
−) SSDNA synthesis.
In the present study, we focus on the molecular mechanism
f 5′-terminal RNA removal and the roles of RNase H and NC in
his process. Using a reconstituted minus-strand transfer system
ontaining a short RNA annealed to (−) SSDNA, we show that the
ate and extent of strand transfer were the same regardless of
hether the RNA fragment was present or absent. The reaction
id not require RNase H cleavage, but strand transfer was most
fﬁcient in the presence of both RNase H and NC. For the ﬁrst
ime, we also provide direct evidence that NC’s helix destabiliz-
ng activity, which is associated with the native ZFs, is absolutely
equired for release of terminal RNA fragments. Most importantly,
ur results also demonstrate that HIV-1 uses the same mechanismrch 171 (2013) 346–356 347
for RNA removal reactions that occur during reverse transcrip-
tion: (i) removal of 5′-terminal RNAs, which remain annealed to
(−) SSDNA, as described here; (ii) removal of potential plus-strand
RNA primers to block mispriming by non-polypurine tract (PPT)
RNAs, thereby ensuring the ﬁdelity of plus-strand DNA synthesis
(Jacob and Destefano, 2008; Post et al., 2009); and (iii) removal of
the 3′-terminal tRNA sequence covalently linked to minus-strand
DNA prior to plus-strand transfer (Guo et al., 2000; Wu et al.,
1999).
2. Materials and methods
2.1. Materials
All RNA and DNA oligonucleotides were obtained from Inte-
grated DNA Technologies (Coralville, IA) (Table 1). SUPERaseIN
(an RNase inhibitor), T4 polynucleotide kinase, proteinase K, and
Gel Loading Buffer II were obtained from Applied Biosystems
(now Invitrogen) (Foster City, CA). [-32P]ATP and [-33P]ATP
(each 3000Ci/mmol) were obtained from PerkinElmer (Shelton,
CT). HIV-1 RT was purchased from Worthington Biochemical Corp.
(Lakewood, NJ). The HIV-1 RNase H− RT used for this work was
the E478Q point mutant (Schatz et al., 1989). Wild-type (WT)
and ZF mutant NC proteins were prepared as recombinant pro-
teins and were puriﬁed as described previously (Carteau et al.,
1999; Wu et al., 1996). The sequences of the NC proteins and
nucleic acids used in this study were derived from the HIV-1
pNL4-3 clone (GenBank accession no. AF324493) (Adachi et al.,
1986).
2.2. Reconstituted minus-strand transfer assay
Theminus-strand transfer assaydescribedpreviously (Heilman-
Miller et al., 2004; Wu et al., 2010) was modiﬁed as follows. Where
speciﬁed, 0.2 pmol of a 128-nt DNA representing (−) SSDNA (DNA
128), labeled at its 5′ end with 32P or 33P (Guo et al., 1995), was
annealed at 65 ◦C for 5min in annealing buffer (50mM Tris–HCl,
pH 8.0, and 75mM KCl) to 0.4pmol of a 14- or 20-nt RNA oligonu-
cleotide (RNA 14 or RNA 20, respectively) (Fig. 1); the RNA is
complementary to the 3′-terminal 14 or 20 nt of (−) SSDNA, respec-
tively (Table 1). After gradual cooling to 37 ◦C, the annealed (−)
SSDNA-RNA hybrid was incubated with 0.5U of SUPERaseIN and
0.2pmol of RNA 148 (acceptor RNA) for 5min at 37 ◦C. HIV-1
WT or mutant NC protein was then added at the indicated con-
centrations together with 0.2pmol of HIV-1 WT or RNase H− RT.
Reactions (ﬁnal volume, 20l) were initiated by addition of 4l of
“start” buffer (50mM Tris–HCl, pH 8.0, 75mM KCl, 0.1mM each
of the four dNTPs, and 7mM MgCl2). Control reaction mixtures
lacking a small RNA oligonucleotide were subjected to a mock
annealing step. For kinetic experiments, reactions were scaled up
as appropriate and 10-l aliquots were removed at the speciﬁed
time points. Note that since (−) SSDNA is provided in this sys-
tem (and is not synthesized using a donor RNA template), RNase
H activity is not required in the absence of a short 5′-terminal RNA
fragment.
Termination of the reactions, polyacrylamide gel electrophore-
sis (PAGE) in 8% denaturing gels, visualization of the DNA products,
and PhosphorImager analysis were performed as described pre-
viously (Wu et al., 2007). The percentage of transfer product
formation was calculated by dividing the amount of full-length
transfer product by the total signal found in the gel lane (i.e., the
sum of the transfer product, self-priming (SP) products (Beltz et al.,
2005; Driscoll and Hughes, 2000; Guo et al., 1997, 2000; Heilman-
Miller et al., 2004; Lapadat-Tapolsky et al., 1997; Levin et al., 2005,
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Table 1
Sequences of oligonucleotides used in this study.
Oligonucleotide Sequencea
RNA 14b 5′-GGG UCU CUC UGG UU
RNA 20 5′-GGG UCU CUC UGG UUA GAC CA
FAM-RNA 23 5′-(6-FAM)-UUU GGG UCU CUC UGG UUA GAC CA
DNA 128 5′-GAG TCA CAC AAC AGA CGG GCA CAC ACT ACT TTG AGC ACT CAA GGC AAG CTT TAT TGA GGC TTA AGC AGT GGG
TTC CCT AGT TAG CCA GAG AGC TCC CAG GCT CAG ATC TGG TCT AAC CAG AGA GAC CC
DNA 50c 5′-AGT TAG CCA GAG AGC TCC CAG ATC GCT CAG TGG TCT AAC CAG AGA GAC CC
a All sequences are from HIV-1 NL4-3 (Adachi et al., 1986).
b The 5′ G of RNA 14 and RNA 20 corresponds to nt 454 in the genomic sequence of HIV-1 NL4-3. The terminal dC of DNA 128 is the complement of nt 454.
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tc DNA 50 is missing the ﬁrst 9 nt at the 5′ end of TAR DNA and forms most of the
agged at its 3′ end with Iowa Black Quencher.
010), and remaining DNA 128) and multiplying the fraction by
00.
Note that all experiments were performed at least three times.
rror bars shown in the ﬁgures and tables represent the standard
eviation. Representative gel data were chosen for presenta-
ion.
.3. Non-denaturing gel-shift assays measuring NC-dependent
ucleic acid duplex destabilization and strand displacement
An electrophoretic mobility shift assay (EMSA) was developed
or direct measurement of HIV-1 NC’s ability to destabilize 5′-
erminal RNA fragments annealed to (−) SSDNA. Although the
eaction conditions paralleled those used in the minus-strand
ransfer assay described above, there was one major difference:
n this case, reactions did not contain dNTPs or RT so that no
longation of (−) SSDNA could occur. RNA 20 labeled at its 5′
nd with 32P (0.2pmol) was heat-annealed to 0.4pmol of a 50-nt
nlabeled (−) SSDNA (DNA 50) having most of the transactivation
esponse element (TAR) DNA sequence and structural elements
Table 1). This was followed by addition of a mixture of MgCl2
ﬁnal concentration, 7mM) and SUPERaseIN (0.5U) to each reac-
ion. Reaction mixtures were then incubated with 3.2M NC (WT
r SSHS mutant) for 1min, after which 0.4pmol of RNA 148 was
ntroduced to initiate the reactions. The ratio of the nucleic acid
omponents, i.e., RNA 20:DNA 128:RNA 148 was 1:2:2. Reactions
ﬁnal volume, 20l) were incubated at 37 ◦C for 30min and were
hen promptly run on 6% Tris–glycine non-denaturing polyacry-
amide gels at 4 ◦C. The percentage of labeled RNA that was shifted
ompared to total signal in each lane was determined by Phospho-
Imager analysis.Print
.4. FRET assay for NC-dependent duplex destabilization and
trand displacement
We also designed a FRET assay to measure the effect of NC’s
estabilization activity on release of a 5′-terminal viral RNA frag-
ent from an RNA–DNA duplex, in the presence of acceptor RNA
see schematic diagram in Fig. 6A). The RNA–DNA duplex was gen-
rated by annealing a 23-nt RNA (RNA 23), labeled at its 5′-end
ith 6-carboxyﬂuorescein (FAM), to DNA 50, labeled with a ﬂu-
rescence quencher (Iowa Black) at its 3′ end (Table 1). RNA 23
as the same sequence as RNA 20, except for the addition of a
′ UUU spacer that is needed to separate the FAM label from the
uplex to avoid quenching (Table 1). Both RNA 23 and DNA 50
ere obtained from Integrated DNA Technologies (Coralville, IA)
nd were gel-puriﬁed. The close proximity of FAM (ﬂuorophore)
nd Iowa Black (quencher) leads to quenching of FAM ﬂuorescence
n the RNA–DNA hybrid. The release of RNA 23 from this duplex in
he presence of the RNA 148 acceptor (leading to strand exchange)DNA structure (see Fig. 1 in Levin et al., 2010). For FRET experiments, DNA 50 was
is registered as an increase in ﬂuorescence. Fluorescence measure-
ments were carried out in Corning® 384-well low volume black
polystyrene NBSTM microplates (Corning, NY) using a SpectraMax®
M5 multimode microplate reader (Molecular Devices, Sunnyvale,
CA).
More speciﬁcally, RNA 23 and DNA 50 were heat-annealed at a
ratio of 1:2 in the presence of annealing buffer containing 50mM
Tris–HCl (pH 8.0) and 75mM KCl. Where indicated, acceptor RNA
and 10M NC were added to the heat-annealed duplex and the
reactions were incubated at 37 ◦C for 1h in a ﬁnal volume of 50l.
The ﬁnal concentrations of RNA 23, DNA 50, and acceptor RNA
were 100nM, 200nM, and 200nM, respectively. The ﬁnal buffer
concentration was set to the composition of the annealing buffer.
Fluorescence was measured using a ﬁxed excitation wavelength of
495nm and emission was recorded from 515nm to 550nm, with a
spacing of 1nm. The ﬂuorescence spectrum of RNA 23 (100nM)
alone was measured under the conditions described above. In
addition, the individual ﬂuorescence spectra for buffer, DNA 50,
acceptor, and NC were recorded for background subtraction. The
ﬁnal emission values for eachwavelengthwere determined by sub-
tracting theappropriatebackgroundvalues fromthevalues for total
ﬂuorescence.
3. Results
3.1. Effect of 5′-terminal RNA oligonucleotides on the efﬁciency of
minus-strand transfer
In the current study, we sought to elucidate themechanism that
underlies removal of small RNA fragments that remain annealed
to (−) SSDNA (Fig. 1, step 1). To address this issue, we developed
a reconstituted assay system that uses minus-strand transfer as
the readout for RNA fragment removal (Fig. 1, steps 2–4), since
the transfer step can occur only if the RNA fragment is no longer
annealed to (−) SSDNA. In this system, a short RNA oligonu-
cleotide, either RNA 14 or RNA 20 (Table 1), with the sequence
found at the 5′ terminus of viral genomic RNA (Adachi et al.,
1986), was heat-annealed to radioactively labeled DNA 128 ((−)
SSDNA), which has the complementary sequence at its 3′ end
(Fig. 1, step 2). The RNA–DNA hybrid was then incubated with
the RNA 148 (acceptor RNA) plus NC and RT (step 2) leading
to fragment removal and formation of the strand transfer prod-
uct (steps 3 and 4; also see Section 2.2). We hypothesized that
removal of the RNA fragment could be the result of NC-mediated
destabilization of the short duplex and/or RNase H cleavage
(step 3).
In our initial experiments,wewished to determinewhetherNC-
dependent minus-strand transfer could occur in the presence of
a short RNA oligonucleotide (Fig. 2). Strand transfer was assayed
following incubation for 30min with WT RT (i.e., RNase H+) and
increasing concentrations of NC, in the absence (Fig. 2A, odd-
numbered lanes) or presence (Fig. 2A, even-numbered lanes) of
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R U5 PBS
 Viral RNA
 ( ) SSDNA 
Acceptor RNA
(RNA 148)
Terminal RNA Fragment
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5'
5'
5'
NC Destabilization RNase H Cleavage
r u5
5'
(DNA 128)1.
2.
3.
+
RT, NC
-
5'
5'
5'4. Transfer Product
5'
5'
Fig. 1. Schematic diagram illustrating possible mechanisms for removal of 5′ terminal RNA fragments in the context of minus-strand transfer. Step 1 shows small 5′ genomic
RNA fragments (red) annealed to the 3′ end of (−) SSDNA (purple). These fragments, derived by RNase H cleavage of viral RNA, must be removed to allow annealing of (−)
SSDNA to acceptor RNA and successful minus-strand transfer (steps 2–4). In our assay, the 5′ RNA fragment (either RNA 20 or RNA 14 [Table 1]) is heat-annealed to DNA 128
(Table 1) and then acceptor RNA 148 (green) is added (step 2). Subsequent addition of RT and NC results in productive strand transfer, i.e., elongation of (−) SSDNA using
RNA 148 as the template, as long as the 5′ fragment is removed (step 3). The fragment could be removed by NC-mediated destabilization of the RNA–DNA hybrid (left side),
RNase H cleavage of the short RNA (right side), or both (step 3). The full-length transfer product is shown in step 4. The acceptor RNA is ultimately degraded by RNase H (not
shown). RNA 148 contains R plus a portion of U3 (Guo et al., 1997) and DNA 128 contains the complementary sequences of R and a portion of U5 (shown here in lower case)
(Heilman-Miller et al., 2004; Wu et al., 2010). The ﬁrst 59 nt of R at the 3′ ends of RNA 148 and DNA 128 form the TAR RNA and TAR DNA stem-loop structures, respectively
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Table 2
Rates of strand transfer.
Oligonucleotide RNase H NC kobs (min−1)a
No Oligo RNase H+ WT NC 0.020 ± 0.0021
RNA 14 RNase H+ WT NC 0.018 ± 0.0035
RNA 20 RNase H+ WT NC 0.027 ± 0.0030
RNA 20 RNase H− WT NC 0.010 ± 0.0022
RNA 20 RNase H+ SSHS NC 0.008 ± 0.0045
a Observed rate constants (kobs) were obtained from non-linear regression analy-
ses of the averages from at least three independent experiments in each condition.
Data points were ﬁt to one-phase exponential curves deﬁned by the equationLevin et al., 2010). The diagram is not drawn to scale.
NA 20. Inspection of Fig. 2A shows that the amount of trans-
er product formed in each pair of reactions was very similar. As
xpected, in the absence of NC (lanes 1 and 2), only a minimal
mount of transfer product was formed and instead, the reaction
roducts consisted almost entirely of dead-end SP DNA products
Beltz et al., 2005; Driscoll and Hughes, 2000; Guo et al., 1997,
000; Heilman-Miller et al., 2004; Lapadat-Tapolsky et al., 1997;
evin et al., 2005, 2010). Note that when RNA 20 was present,
ynthesis of SP products was reduced, e.g., compare odd- and even-
umbered lanes (lanes 1–10, especially lanes 9 and 10), in accord
ith earlier observations (Driscoll et al., 2001; Driscoll andHughes,
000).
The gel data showed that strand transfer efﬁciency correlated
ithNCconcentration (Fig. 2B).Moreover, a plot of percent transfer
roduct formed as a function of NC concentration clearly demon-
trated that the extent of minus-strand transfer was the same
egardless of whether RNA 20 was included in the reaction mix-
ures (Fig. 2B). Thus, these data imply that the oligonucleotide
ust have been removed during or prior to strand transfer, since
ithout removal, the annealing of (−) SSDNA to acceptor RNA and
ubsequent RT-catalyzed DNA elongation could not have occurred
Fig. 2).
To strengthen this conclusion, we determined whether the size
f the annealed RNA has an effect of the kinetics of minus-strand
ransfer (Fig. 3A). In this case, we assayed minus-strand transfer at
arious time points over a 2-h period in the presence or absence of
NA 14 or RNA 20. Consistent with the results shown in Fig. 2, the
resence of a short RNA oligonucleotide did not have a signiﬁcant
ffect on either the rate (Table 2) or extent ofminus-strand transfer
Fig. 3A). Importantly, the results obtained with RNA 14 and RNA
0 were similar (same end point value; initial rate for RNA 20 only
1.5-fold greater than for RNA 14 (Table 2)), indicating that small
ifferences in the size of the oligonucleotide do not have a major
mpact on strand transfer and the efﬁciency of RNA removal.Y=Ymax(1− e−kx) in Prism 5.0 graphing software (GraphPad, La Jolla, CA). Standard
deviations are included for each kobs value.
3.2. Role of RNase H cleavage in removal of the 5′ terminal RNA 20
In the experiments described thus far, reactions contained NC
and WT RT, which has RNase H activity. In principle, since either
RNase H (reviewed in Basu et al., 2008) or NC (reviewed in Levin
et al., 2005, 2010) alone might be sufﬁcient to promote fragment
removal,weperformedexperiments to testwhether RNaseHactiv-
ity is actually required for this step. The role of RNase H cleavage
was assessed by comparing the kinetics of minus-strand transfer
with WT RT and the E478Q mutant RT, which has been shown to
lack RNaseH activity (Schatz et al., 1989) (Fig. 3B). Using equivalent
amountsofRT (i.e.,matchedby speciﬁcactivity) andaconstant con-
centration of NC (3.2M), the 2-h end point values were the same
with both enzymes. However, the initial rates differed by∼2.6-fold.
This suggests that in the context of theminus-strand transfer assay,
both RNase H cleavage and NC chaperone activity are needed for
maximal removal of the RNA 20, in agreement with studies of tRNA
removal in plus-strand transfer (Wu et al., 1999) and inhibition of
mispriming during initiation of plus-strand DNA synthesis (Jacob
and Destefano, 2008; Post et al., 2009).
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Fig. 2. Minus-strand transfer in the presence or absence of RNA 20 assayed as a function of NC concentration. Reaction mixtures with or without RNA 20 pre-annealed to
33P-labeled DNA 128 were incubated at 37 ◦C for 30min with increasing amounts of NC. The data were analyzed as described in Section 2.2. (A) Gel analysis. The odd- and
even-numbered lanes correspond to reactions without (−) or with (+) RNA 20, respectively. Lanes: 1 and 2, no NC; 3 and 4, 0.4M NC (7 nt/NC); 5 and 6, 0.8M NC (3.5
nt/NC); 7 and 8, 1.6M NC (1.75 nt/NC); 9 and 10, 3.2M NC (0.88 nt/NC); 11, control reaction containing only the pre-annealed RNA 20-DNA 128 hybrid; and 12, control
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Reaction with pre-annealed RNA 20-DNA 128 hybrid and NC (3.2M), but without
nalysis of the gel data in panel A. Transfer product (%) formed in reactions with an
ithout RNA 20; open circles, with RNA 20.
.3. Effect of NC ZF mutations on oligonucleotide removal
Since NC-mediated RNA fragment removal is expected to
nvolve destabilization of anRNA–DNAhybrid, it seemed likely that
C’s ZF function is required for this reaction (reviewed in refer-
nces Godet and Mély, 2010; Levin et al., 2005, 2010). We tested
his hypothesis by assaying the activity of the same NC ZF mutants
ig. 3. Kinetics of minus-strand transfer assayed in the presence or absence of RNA oligon
ith 32P-labeled (−) SSDNA, acceptor RNA, NC (3.2mM, 0.88 nt/NC), and RT for the indica
escribed in Section 2.2. The amount of transfer product formed was plotted as a functio
eactions with WT RT and in the presence or absence of RNA 14 or RNA 20. Symbols: clo
B) Time course of strand transfer product formation in reactions with RNA 20 and eithe
ymbols: open circles, WT RT with RNA 20 (from the graph shown in Fig. 3A, since the RN
NA 20. Note that as expected, control reactions without a short RNA gave the same resuacceptor. All of the reactions except the one analyzed in lane 11 contained RT. (B)
out RNA 20 was plotted as a function of NC concentration. Symbols: closed circles,
that were used in our earlier studies of minus- and plus-strand
transfer (Guo et al., 2000, 2002). These mutants were selected
because their varying effects on strand transfer reﬂect differences
in duplex destabilizing activity. As illustrated in Fig. 4, the mutants
included 1-1 NC (two copies of ZF1), 2-1 (position exchange
mutant), 2-2 (two copies of ZF2) (Gorelick et al., 1993) and the
SSHS/SSHS NC mutant (usually referred to as SSHS NC), in which
ucleotides in reactions with either WT RT or RNase H− RT. Reactions were incubated
ted times, in either the presence or absence of unlabeled RNA oligonucleotides, as
n of time. (A) Time course of strand transfer product formation in a 2-h period in
sed circles, no RNA; open circles, with RNA 20; and closed squares, with RNA 14.
r WT RT (RNase H+) or the RNase H− HIV-1 E478Q mutant RT (Schatz et al., 1989).
ase H− RT data are from the same experiment); closed triangles, RNase H− RT with
lts with RNase H− and WT RTs (data not shown).
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Fig. 4. Effect of NC ZF mutations on the efﬁciency of minus-strand transfer in the presence or absence of RNA 20. (A) Gel analysis of reactions with WT NC and ZF mutants.
Reaction mixtures with or without RNA 20 pre-annealed to 32P-labeled DNA 128 were incubated for 2h at 37 ◦C with RT and WT NC or NC mutants (3.2M). No RNA 20
(lanes 1–5); with RNA 20 (lanes 6–10). Lanes: 1 and 6, no NC; 2 and 7, WT NC; 3 and 8, 1-1 ZF mutant; 4 and 9, 2-1 ZF position exchange mutant; and 5 and 10, SSHS NC,
which does not coordinate zinc. Lane 11 is a control reaction with WT NC in the absence of acceptor RNA and RNA 20. Note that experiments with the 2-2 ZF mutant gave
results essentially identical to the results obtained with the 2-1 ZF mutant (data not shown and B). A description of these mutants can be found in references Gorelick et al.
(1993) and Guo et al. (2000, 2002). (B) Analysis of the gel data in panel A. The amount of transfer product formed in each of the reactions is represented by a bar graph. No
RNA 20, gray bars; with RNA 20, black bars. (C) Gel analysis of kinetics of strand transfer in reactions with WT and SSHS NCs. Reactions were performed in the presence of
RNA 20 pre-annealed to DNA 128, RT, and either WT or SSHS NC (each at 3.2M) and were sampled at increasing time intervals up to 2h. Lanes: 1–8, WT NC; 9–16, SSHS
NC; 17 and 18, WT NC and SSHS NC (each 3.2M) in the absence of RNA 20, respectively. Control reactions were incubated for 2h. (D) Analysis of the kinetic data in panel
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without RT and dNTPs).. Transfer product formed (%) was plotted as a function of time. Symbols: closed ci
ll of the cysteine residues were changed to serine, thereby elim-
nating the ability of this protein to coordinate zinc (Guo et al.,
000).
Fig. 4A shows gel analysis of DNA products formed in reactions
ontaining WT or NC ZF mutants in the absence (lanes 1–5) or pres-
nce of RNA 20 (lanes 6–10). Consistent with the results of Fig. 2,
NA 20 had no effect on the extent of strand transfer with either
he WT or ZF mutants. In fact, the strand transfer product could
e detected in all reactions with NC and acceptor RNA (lanes 2–5;
anes 7–10), but strand transfer was very inefﬁcient in reactions
ith SSHS NC (lanes 5 and 10). SP DNAs were the major products
n reactions without NC (lanes 1 and 6) and in a control reaction
ithout acceptor RNA (lane 11) (also see Fig. 2A). The percent-
ge of transfer product synthesized is represented in a bar graph
Fig. 4B). In accord with the data of Fig. 2, it is obvious that the
resence of RNA 20 did not affect the efﬁciency of strand transfer.
ubstitution of ZF2 with ZF1 (1-1 mutation) had very little effect on
ormation of the transfer product and the mutant behaved like WT
C. High activity of 1-1 NC has also been observed in cell-based
ssays (Gorelick et al., 1993) as well as in an earlier study with
ur reconstituted minus-strand transfer system (Guo et al., 2002).
utants 2-1 and 2-2 (gel data not shown) each had small effects
n the amount of transfer product detected, whereas the amount
ormed in the SSHS NC reactions was only slightly above the value
or the minus NC control.
The dramatic reduction of strand transfer (and presumably RNA
0 removal) in reactions with SSHS NC was of great interest. To
nalyze the extent of the differences between WT and SSHS NC
n more detail, we performed a kinetic experiment over a period
f 2h in the presence of RNA 20 (Fig. 4C). Lanes 17 and 18 (WTWT NC; open circles, SSHS NC.
and SSHS NC, respectively) were control reactions incubated for
2h in the absence of RNA 20; the amount of strand transfer was the
same as that obtained for WT and SSHS reactions containing RNA
20 (lanes 8 and 16, respectively) (data not shown). The gel data
were plotted as the percentage of transfer product synthesized as a
function of time (Fig. 4D). The differences between the two curves
is striking and mirrors earlier data on minus-strand transfer in the
presence of SSHS NC (Guo et al., 2000). In this experiment, with
SSHS NC, the reduction in the initial rate of minus-strand transfer
was ∼2.5-fold, whereas at 2h, the extent of strand transfer product
formed was decreased by ∼3-fold. These results suggest the possi-
bility that NC’s ability to coordinate zinc is required for removal of
RNA 20.
3.4. Direct assay of 5′-terminal RNA removal from (−) SSDNA
In all of the experiments described above, removal of the
5′-terminal fragment annealed to (−) SSDNA was assayed indi-
rectly by determining the effect of various reaction conditions on
the efﬁciency of minus-strand transfer. The requirement for zinc
coordinationcouldconceivablybeneededonly to transientlydesta-
bilize the complementary TAR structures and inhibit SP, but not
necessarily to facilitate RNA fragment removal. It was therefore
crucial to design assays that would directly measure the proposed
NC-dependent removal of the small RNA and displacement by
acceptor RNA in the absence of DNA elongation (i.e., in reactionsOur ﬁrst approach was to perform an EMSA experiment (Fig. 5).
In this assay, 32P-labeled RNA 20 was ﬁrst heat-annealed to DNA
50 (Table 1). Acceptor RNA was then added without NC or together
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Fig. 5. NC-mediated removal of a terminal RNA fragment in the absence of minus-strand transfer. The assay is shown as a schematic diagram on the left side of the ﬁgure
(also see Section 2.3). Color-coding is as follows: DNA 50, purple; 5′ RNA fragment, red; and acceptor RNA, green. (A) Gel analysis. Reaction mixtures with the 32P-labeled
RNA 20 pre-annealed to unlabeled DNA 50, were incubated for 30min with WT or SSHS NC in the absence of RT and dNTPs and were analyzed in non-denaturating PAGE
gels, as detailed in Section 2.3. Lanes: 1, 32P-labeled RNA 20 alone; 2, 32P-labeled RNA 20 heat-annealed to DNA 50 (Duplex); 3, 32P-labeled duplex incubated with RNA 148
in the absence of NC; 4, 32P-labeled RNA 20 incubated with NC alone; 5 and 6, 32P-labeled duplex incubated with RNA 148, and either WT or SSHS NC, respectively. (B) Bar
g
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araphs. The height of the bars represents the percentage of total lane signal that is found
0 remaining in the RNA–DNA hybrid.
ig. 6. FRET assay to measure RNA removal. Reactions were performed with 5′ FAM-label
′ end. The conditions used in the assay were as follows: RNA 23 alone (red); duplex plus
nd SSHS NC (blue); and duplex alone (purple). The graph is a plot of ﬂuorescence units vin the “shifted” position for each reaction condition, i.e., the fraction of labeled RNA
ed RNA 23 that was heat-annealed to DNA 50 having a quencher (Iowa Black) at its
acceptor (green); duplex plus acceptor and WT NC (maroon); duplex plus acceptor
s. wavelength (nm).
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ith either WT or SSHS NC. A schematic diagram of the assay is
hown on the left side of Fig. 5. Reduction of the radioactivity of
he duplex signiﬁes that the extent to which the small RNA was
isplaced.
The results of this assay are shown in Fig. 5A. Lane 1 illustrates
he position of free RNA in a non-denaturing gel, whereas the posi-
ion of the duplex (RNA 20 heat-annealed to DNA 50) is shown in
ane 2. Addition of acceptor RNA following heat annealing did not
lter migration of the duplex (lane 3). Incubation of the labeled
ligonucleotide with NC alone provided an assessment of back-
round binding (lane 4). In this case, note that while there was
distinct band for free RNA, there was also a smear throughout the
el terminating in the vicinity of the position to which the duplex
igrated (compare lane 4 with lanes 2 and 3). When WT NC was
dded to reactions mixtures containing the RNA 20-DNA 50 duplex
ndRNA148 (lane5), theduplexbandwassupershifted (most likely
ue to binding of NC to the duplex) and was much less prominent
han the comparable band in the absence of NC (lanes 2 and 3).
ith SSHS NC, the duplex band in lane 6 was only slightly retarded
ompared to the band in lanes 2 and 3 (no NC) and its intensity
as decreased to a smaller extent than was seen with WT NC (lane
).
To quantify the results of the assay, the data were subjected to
hosphorImager analysis (Fig. 5B). The percent duplex remaining
as calculated (i.e., the ratio of the duplex signal to the total sig-
al in the lane multiplied by 100) and is represented in a bar
raph. In the absence of NC, the relative amount of the duplex
as close to 80% (lanes 2 and 3). In contrast, the value obtained
n the presence of WT or SSHS NC was ∼22% and ∼50%, (lanes 5
nd 6), respectively. This result strongly suggests that in our sys-
em, both WT and SSHS NC destabilized the duplex, resulting in
elease of RNA 20 in the absence of DNA synthesis. However, WT
C was ∼2.3-fold more efﬁcient than SSHS NC, again underscor-
ng the requirement for zinc coordination in NC-dependent RNA
emoval.
To provide further evidence that NC alone canmediate displace-
ent of the small RNA fragment, we designed a novel FRET assay
Fig. 6). In this assay, RNA 23 labeled with a 5′-FAM ﬂuorophore
Table 1) was heat-annealed to DNA 50 having a quencher (Iowa
lack) at its 3′ end (Fig. 6A) and was followed by addition of other
eaction components. Higher concentrations of the reactants were
sed in this case compared with the concentrations in the standard
inus-strand transfer assay, but the relative amounts of thenucleic
cids was unchanged (Sections 2.2 and 2.4). The magnitude of ﬂu-
rescence intensity was measured over wavelengths ranging from
15nm to 550nm, as described in Section 2. The following con-
rols were included in the experiment: (i) a reaction with RNA 23
lone (red curve), which exhibited high ﬂuorescence emission; and
ii) reactions with duplex alone (purple curve) or duplex plus the
NA 148 acceptor (green; partially hidden underneath the purple
urve) in which ﬂuorescence was quenched due to the close prox-
mity of the labeled molecules. Addition of WT NC together with
he acceptor to the preformed duplex resulted in an emission curve
maroon) that was very similar to the curve for RNA alone, indicat-
ng that a signiﬁcant amount of RNA 23 was released. When SSHS
C was used instead of WT protein, emission was greatly reduced
blue curve) and was only slightly higher than the values for the
inus-NC reactions in which ﬂuorescence was quenched.
Taken together, the data in Figs. 5 and 6 demonstrate that dis-
lacement of a 5′-terminal RNA fragment annealed to (−) SSDNA
n reactions with acceptor RNA (strand exchange) can occur in the
resence of NC alone and in the absence of ongoing minus-strand
ransfer. Moreover, it is clear that the ability of NC to coordinate
inc is required for the displacement reaction, even when SP does
ot occur.rch 171 (2013) 346–356 353
4. Discussion
In the present study we have investigated the mechanism
by which HIV-1 NC facilitates removal of 5′-terminal RNA frag-
ments annealed to (−) SSDNA during an early step in reverse
transcription.Without the removal reaction,minus-strand transfer
would be blocked. Here, we show that RNase H cleavage and NC’s
nucleic acid chaperone activity collaborate in fragment removal
and that both activities are required for efﬁcient removal during
minus-strand transfer. Moreover, for the ﬁrst time, we use novel
assays designed to directly measure removal of short 5′-terminal
RNAs in the absence of DNA synthesis and RNase H cleavage. We
demonstrate that this reactionhas anabsolute requirement forNC’s
duplex destabilizing activity, which is dependent upon the native
ZF architecture. The data are also consistent with the predictions of
both the end terminus andacceptor invasion-driven strand transfer
mechanisms with respect to terminal fragment release (see above,
Section 1).
Our initial approach was to model the fragment removal reac-
tion in a reconstituted system thatmimics end terminus transfer. In
this system, readout is synthesis of theminus-strand transfer prod-
uct (Fig. 1). Using this assay, we found that the presence of RNA
20 pre-annealed to the DNA 128 (−) SSDNA had no effect on the
efﬁciency of strand transfer, suggesting efﬁcient fragment removal
before or during the strand transfer event (Fig. 2).We also observed
that the size of the terminal RNA fragment (14 or 20 nt) had little
effect on the rates of minus-strand transfer over a 2-h incubation
period (Table 2) or on the end point values (Fig. 3A). This indicates
that the rate limiting step is not fragment removal, but is more
likely to be annealing of the acceptor RNA to (−) SSDNA, both of
which are highly structured.
A major goal of our work was to determine the relative contrib-
utions of RNase H cleavage and NC nucleic acid chaperone activity
in the fragment removal step. Earlier work from several labora-
tories showed that NC stimulates secondary RNase H cleavage of
blunt-ended substrates including 5′-terminal hybrids containing
RNAs between ∼15 to 20 nt, although the precise mechanism was
not described (Chen et al., 2003b; Peliska et al., 1994; Wisniewski
et al., 2002). In other studies, itwas suggested that synergybetween
polymerase-independent RNase H cleavage and NC is mediated by
formation of an RT–NC complex (Cameron et al., 1997; Lener et al.,
1998), possibly through a ZF-dependent interaction (Druillennec
et al., 1999). Here, we chose to investigate the relative importance
of RNase H cleavage in the presence of NC by using a mutant with a
single amino acid change, E478Q, in the RNase H domain of the p66
subunit of RT (Schatz et al., 1989). Interestingly, the rate of reactions
with RNA 20, but without RNase H, was ∼2.6-fold slower than the
rate with WT RT (Table 2), but the end point values were approxi-
mately the same (Fig. 3B). This observation shows that while RNase
H cleavage increases the efﬁciency of short RNA fragment removal,
it is not absolutely necessary for the reaction to occur as long as NC
is present. Thus, NC plays a major role in fragment removal.
In an effort to elucidate the molecular mechanism by which NC
exerts its effect,wehypothesized thatNC’shelixdestabilizingactiv-
ity,which isknowntobeassociatedwith thenativeZFs (Darlix et al.,
2011; Godet and Mély, 2010; Levin et al., 2005, 2010; Thomas and
Gorelick, 2008), is essential for NC’s ability to facilitate removal of
5′-terminal RNAs (Fig. 1). We assayed strand transfer in the pres-
ence of NC mutants with changes in the ZF domains (Gorelick et al.,
1993; Guo et al., 2000, 2002; Williams et al., 2001, 2002). Of all of
the mutants tested, only the SSHS mutant, which cannot coordi-
nate zinc (Guo et al., 2000), was able to signiﬁcantly inhibit the rate
and extent of minus-strand transfer (Fig. 4C and D; Table 2). Impor-
tantly, this occurred in the absence or presence of RNA 20 (Fig. 4A
and B).
3 Resea
w
f
p
(
s
a
F
d
r
D
i
l
r
z
s
N
R
r
a
a
d
e
w
t
m
c
c
r
b
i
v
W
f
u
s
a
c
s
t
i
2
t
t
H
o
a
r
t
t
c
2
e
A
v
r
T
g
N54 C.B. Hergott et al. / Virus
These observations raised an important question: how could
e be certain that NC’s zinc-coordinating activity, which is needed
or transient destabilization of the complementary TAR stem-loops
resent in (−) SSDNA and acceptor RNA as well as for blocking SP
Guo et al., 2000, 2002), is also required for the fragment removal
tep? To address this concern, we developed two independent
ssay systems, one using an EMSA assay (Fig. 5) and the other, a
RET assay (Fig. 6), which directly measure fragment removal and
o not depend on subsequent DNA synthesis as the readout. The
esults of both assays clearly showed that the duplex consisting of
NA 50 pre-annealed to a short RNA was efﬁciently destabilized
n the presence of RNA 148 and WT NC, leading to release of the
abeled RNA. When SSHS NC was substituted for the WT protein,
eleasewasmuch less efﬁcient. These results demonstrate thatNC’s
inc-coordinating activity is critical for efﬁcient fragment removal.
Taken together, the results of both RNA release assays demon-
trate that the mechanism for 5′-terminal RNA removal is
C-mediated displacement of short RNAs by the longer acceptor
NA (strand exchangemechanism) (Tsuchihashi andBrown, 1994),
esulting in a more thermodynamically stable duplex consisting of
cceptor RNAannealed to (−) SSDNA. Interestingly, theRNA release
ssays model the ﬁnal step postulated for the acceptor invasion-
riven pathway for minus-strand transfer (Basu et al., 2008; Chen
t al., 2003b). Based on our results, we suggest that this reaction,
hile not requiring RNase H activity, does require native ZF archi-
ecture.
As noted above, terminal fragment removal in the context of
inus-strand transfer and the end terminus transfer mechanism
analsooccur in the absenceof RNaseH, althoughRNaseHcleavage
ombined with the nucleic acid chaperone activity of NC makes the
eaction more efﬁcient (Fig. 3B). This ﬁnding can be rationalized
y the fact that RT and NC are both present in the viral core and
n reverse transcription complexes (known as RTCs) formed after
irus disassembly (Levin et al., 2010; Thomas and Gorelick, 2008;
arrilow et al., 2009). Whether cellular factors play any role in
ragment removal in vivo is not known.
Collectively, the results presented here are important for
nderstanding themolecularmechanisms involved in reverse tran-
cription. Signiﬁcantly, our ﬁndings demonstrate that HIV-1 uses
common strategy (NC’s helix destabilizing activity and RNase H
leavage) for critical RNA removal reactions in the reverse tran-
cription pathway: (i) removal of 5′-terminal fragments annealed
o (−) SSDNA; (ii) blockingmisprimingbynon-PPTRNAsandensur-
ng the ﬁdelity of plus-strand DNA synthesis (Jacob and Destefano,
008; Post et al., 2009); and (iii) tRNA removal prior to plus-strand
ransfer (Guo et al., 2000;Wuet al., 1999). Interestingly, these reac-
ions can occur in the presence of NC alone (i.e., without RNase
cleavage), albeit not with maximum efﬁciency. The existence
f this common mechanism suggests its evolutionary importance
nd underscores its signiﬁcance as a determinant of successful viral
eplication and thus, viral ﬁtness. Finally, these results emphasize
hepromiseofnovel anti-retroviral agents that arebeingdeveloped
o speciﬁcally target the ZFs of the HIV-1 NC protein and its asso-
iated helix destabilizing activity (Avilov et al., 2012; Breuer et al.,
012; Grigorov et al., 2011; Pannecouque et al., 2010; Shvadchak
t al., 2009).
cknowledgements
We thank Donald G. Johnson and Catherine V. Hixson for their
aluable assistance with the production and puriﬁcation of the
ecombinant NC proteins and Dr. Stuart Le Grice for RNase H− RT.
his work was supported in part by the Intramural Research Pro-
ram at the National Institutes of Health (Eunice Kennedy Shriver
ational Institute of Child Health and Human Development (C.B.H.,rch 171 (2013) 346–356
M.M., J.G., T.W., Y.I., J.G.L.) and the National Cancer Institute, Fred-
erick National Laboratory for Cancer Research (J.T.M.)). This project
has also been funded in whole or in part with federal funds from
the Frederick National Laboratory for Cancer Research, National
Institutes of Health, under contract HHSN261200800001E with
SAIC-Frederick, Inc. (R.J.G.). The content of this publication does
not necessarily reﬂect the views or policies of the Department of
Health andHumanServices, nordoesmentionof tradenames, com-
mercial products, or organizations imply endorsement by the U.S.
Government.
References
Adachi, A., Gendelman, H.E., Koenig, S., Folks, T., Willey, R., Rabson, A., Martin, M.A.,
1986. Production of acquired immunodeﬁciency syndrome-associated retro-
virus in human and nonhuman cells transfected with an infectious molecular
clone. Journal of Virology 59, 284–291.
Avilov, S.V., Boudier, C., Gottikh, M., Darlix, J.-L., Mély, Y., 2012. Characterization of
the inhibitionmechanismofHIV-1 nucleocapsid protein chaperone activities by
methylated oligoribonucleotides. Antimicrobial Agents and Chemotherapy 56,
1010–1018.
Baltimore, D., 1970. RNA-dependent DNA polymerase in virions of RNA tumour
viruses. Nature 226, 1209–1211.
Bampi, C., Jacquenet, S., Lener, D., Décimo, D., Darlix, J.-L., 2004. The chaperoning and
assistance roles of theHIV-1 nucleocapsid protein in proviral DNA synthesis and
maintenance. Current HIV Research 2, 79–92.
Basu, V.P., Song, M., Gao, L., Rigby, S.T., Hanson, M.N., Bambara, R.A., 2008. Strand
transfer events during HIV-1 reverse transcription. Virus Research 134, 19–38.
Beltz, H., Clauss, C., Piémont, E., Ficheux, D., Gorelick, R.J., Roques, B., Gabus, C.,
Darlix, J.-L., de Rocquigny, H., Mély, Y., 2005. Structural determinants of HIV-1
nucleocapsid protein for cTAR DNA binding and destabilization, and correlation
with inhibition of self-primed DNA synthesis. Journal of Molecular Biology 348,
1113–1126.
Breuer, S., Chang, M.W., Yuan, J., Torbett, B.E., 2012. Identiﬁcation of HIV-1
inhibitors targeting the nucleocapsid protein. Journal of Medicinal Chemistry
55, 4968–4977.
Cameron,C.E.,Ghosh,M., LeGrice, S.F.J., Benkovic, S.J., 1997.Mutations inHIV reverse
transcriptase which alter RNase H activity and decrease strand transfer efﬁ-
ciency are suppressed by HIV nucleocapsid protein. Proceedings of the National
Academy of Sciences of the United States of America 94, 6700–6705.
Carteau, S., Gorelick, R.J., Bushman, F.D., 1999. Coupled integration of human immu-
nodeﬁciency virus type 1 cDNA ends by puriﬁed integrase in vitro: stimulation
by the viral nucleocapsid protein. Journal of Virology 73, 6670–6679.
Champoux, J.J., 1993. Roles of ribonuclease H in reverse transcription. In: Skalka,
A.M., Goff, S.P. (Eds.), Reverse Transcriptase. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY, pp. 103–117.
Chen, Y., Balakrishnan, M., Roques, B.P., Bambara, R.A., 2003a. Steps of the accep-
tor invasion mechanism for HIV-1 minus strand strong stop transfer. Journal of
Biological Chemistry 278, 38368–38375.
Chen, Y., Balakrishnan, M., Roques, B.P., Fay, P.J., Bambara, R.A., 2003b. Mechanism
of minus strand strong stop transfer in HIV-1 reverse transcription. Journal of
Biological Chemistry 278, 8006–8017.
Darlix, J.-L., Godet, J., Ivanyi-Nagy, R., Fossé, P., Mauffret, O., Mély, Y., 2011. Flexi-
ble nature and speciﬁc functions of the HIV-1 nucleocapsid protein. Journal of
Molecular Biology 410, 565–581.
Darlix, J.-L., Lapadat-Tapolsky,M., deRocquigny,H., Roques, B.P., 1995. First glimpses
at structure-function relationships of the nucleocapsid protein of retroviruses.
Journal of Molecular Biology 254, 523–537.
Driscoll, M.D., Golinelli, M.-P., Hughes, S.H., 2001. In vitro analysis of human immu-
nodeﬁciency virus type 1minus-strand strong-stopDNA synthesis and genomic
RNA processing. Journal of Virology 75, 672–686.
Driscoll, M.D., Hughes, S.H., 2000. Human immunodeﬁciency virus type 1 nucleo-
capsid protein can prevent self-priming of minus-strand strong stop DNA by
promoting the annealing of short oligonucleotides to hairpin sequences. Journal
of Virology 74, 8785–8792.
Druillennec, S., Caneparo, A., de Rocquigny, H., Roques, B.P., 1999. Evidence of inter-
actions between the nucleocapsid protein NCp7 and the reverse transcriptase
of HIV-1. Journal of Biological Chemistry 274, 11283–11288.
Fu, T.-B., Taylor, J., 1992. When retroviral reverse transcriptases reach the end of
their RNA templates. Journal of Virology 66, 4271–4278.
Gilboa, E., Mitra, S.W., Goff, S., Baltimore, D., 1979. A detailed model of reverse
transcription and tests of crucial aspects. Cell 18, 93–100.
Godet, J., Mély, Y., 2010. Biophysical studies of the nucleic acid chaperone properties
of the HIV-1 nucleocapsid protein. RNA Biology 7, 687–699.
Gorelick, R.J., Chabot, D.J., Rein, A., Henderson, L.E., Arthur, L.O., 1993. The two zinc
ﬁngers in the human immunodeﬁciency virus type 1 nucleocapsid protein are
not functionally equivalent. Journal of Virology 67, 4027–4036.
Grigorov, B., Bocquin, A., Gabus, C., Avilov, S.,Mély, Y., Agopian, A., Divita, G., Gottikh,
M., Witvrouw, M., Darlix, J.-L., 2011. Identiﬁcation of a methylated oligoribonu-
cleotide as a potent inhibitor of HIV-1 reverse transcription complex. Nucleic
Acids Research 39, 5586–5596.
C.B. Hergott et al. / Virus Resea
Guo, J., Henderson, L.E., Bess, J., Kane, B., Levin, J.G., 1997. Human immu-
nodeﬁciency virus type 1 nucleocapsid protein promotes efﬁcient strand
transfer and speciﬁc viral DNA synthesis by inhibiting TAR-dependent self-
priming from minus-strand strong-stop DNA. Journal of Virology 71, 5178–
5188.
Guo, J., Wu, T., Anderson, J., Kane, B.F., Johnson, D.G., Gorelick, R.J., Henderson, L.E.,
Levin, J.G., 2000. Zinc ﬁnger structures in the human immunodeﬁciency virus
type 1 nucleocapsid protein facilitate efﬁcient minus- and plus-strand transfer.
Journal of Virology 74, 8980–8988.
Guo, J.,Wu,T., Kane,B.F., Johnson,D.G.,Henderson, L.E.,Gorelick,R.J., Levin, J.G., 2002.
Subtle alterations of the native zinc ﬁnger structures have dramatic effects on
the nucleic acid chaperone activity of human immunodeﬁciency virus type 1
nucleocapsid protein. Journal of Virology 76, 4370–4378.
Guo, J., Wu, W., Yuan, Z.Y., Post, K., Crouch, R.J., Levin, J.G., 1995. Defects in primer-
template binding, processive DNA synthesis, and RNase H activity associated
with chimeric reverse transcriptases having the murine leukemia virus poly-
merase domain joined to Escherichia coli RNase H. Biochemistry 34, 5018–
5029.
Heilman-Miller, S.L., Wu, T., Levin, J.G., 2004. Alteration of nucleic acid structure
and stability modulates the efﬁciency of minus-strand transfer mediated by the
HIV-1 nucleocapsid protein. Journal of Biological Chemistry 279, 44154–44165.
Herschhorn, A., Hizi, A., 2010. Retroviral reverse transcriptases. Cellular and Molec-
ular Life Sciences 67, 2717–2747.
Jacob, D.T., Destefano, J.J., 2008. A new role for HIV nucleocapsid protein in modu-
lating the speciﬁcity of plus strand priming. Virology 378, 385–396.
Klaver, B., Berkhout, B., 1994. Premature strand transfer by the HIV-1 reverse
transcriptase during strong-stop DNA synthesis. Nucleic Acids Research 22,
137–144.
Kulpa, D., Topping, R., Telesnitsky, A., 1997. Determination of the site of ﬁrst
strand transfer duringMoloneymurine leukemia virus reverse transcription and
identiﬁcation of strand transfer-associated reverse transcriptase errors. EMBO
Journal 16, 856–865.
Lapadat-Tapolsky, M., Gabus, C., Rau, M., Darlix, J.-L., 1997. Possible roles of HIV-
1 nucleocapsid protein in the speciﬁcity of proviral DNA synthesis and in its
variability. Journal of Molecular Biology 268, 250–260.
Lener, D., Tanchou, V., Roques, B.P., Le Grice, S.F.J., Darlix, J.-L., 1998. Involvement
of HIV-1 nucleocapsid protein in the recruitment of reverse transcriptase into
nucleoprotein complexes formed in vitro. Journal of Biological Chemistry 273,
33781–33786.
Levin, J.G., Guo, J., Rouzina, I., Musier-Forsyth, K., 2005. Nucleic acid chaperone
activity of HIV-1 nucleocapsid protein: critical role in reverse transcription and
molecular mechanism. Progress in Nucleic Acid Research and Molecular Biology
80, 217–286.
Levin, J.G.,Mitra,M.,Mascarenhas, A.,Musier-Forsyth, K., 2010. Role ofHIV-1nucleo-
capsid protein in HIV-1 reverse transcription. RNA Biology 7, 754–774.
Lobel, L.I., Goff, S.P., 1985. Reverse transcription of retroviral genomes: mutations in
the terminal repeat sequences. Journal of Virology 53, 447–455.
Mizutani, S., Boettiger, D., Temin, H.M., 1970. A DNA-dependent DNA polymerase
and a DNA endonuclease in virions of Rous sarcoma virus. Nature 228, 424–427.
Ohi, Y., Clever, J.L., 2000. Sequences in the 5′ and 3′ R elements of human immu-
nodeﬁciency virus type 1 critical for efﬁcient reverse transcription. Journal of
Virology 74, 8324–8334.
Pannecouque, C., Szafarowicz, B., Volkova, N., Bakulev, V., Dehaen, W., Mély, Y.,
Daelemans, D., 2010. Inhibition of HIV-1 replication by a bis-thiadiazolbenzene-
1,2-diamine that chelates zinc ions from retroviral nucleocapsid zinc ﬁngers.
Antimicrobial Agents and Chemotherapy 54, 1461–1468.
Peliska, J.A., Balasubramanian, S., Giedroc, D.P., Benkovic, S.J., 1994. Recombinant
HIV-1 nucleocapsid protein accelerates HIV-1 reverse transcriptase catalyzed
DNA strand transfer reactions and modulates RNase H activity. Biochemistry
33, 13817–13823.
Piekna-Przybylska, D., Bambara, R.A., 2011. Requirements for efﬁcient minus strand
strong-stop DNA transfer in human immunodeﬁciency virus 1. RNA Biology 8,
230–236.
Post, K., Kankia, B., Gopalakrishnan, S., Yang, V., Cramer, E., Saladores, P.,
Gorelick, R.J., Guo, J., Musier-Forsyth, K., Levin, J.G., 2009. Fidelity ofrch 171 (2013) 346–356 355
plus-strand priming requires the nucleic acid chaperone activity of HIV-1
nucleocapsid protein. Nucleic Acids Research 37, 1755–1766.
Ramsey, C.A., Panganiban, A.T., 1993. Replication of the retroviral terminal
repeat sequence during in vivo reverse transcription. Journal of Virology 67,
4114–4121.
Rein, A., Henderson, L.E., Levin, J.G., 1998. Nucleic-acid-chaperone activity of
retroviral nucleocapsid proteins: signiﬁcance for viral replication. Trends in
Biochemical Sciences 23, 297–301.
Saraﬁanos, S.G., Marchand, B., Das, K., Himmel, D.M., Parniak, M.A., Hughes, S.H.,
Arnold, E., 2009. Structure and function of HIV-1 reverse transcriptase: molecu-
lar mechanisms of polymerization and inhibition. Journal of Molecular Biology
385, 693–713.
Schatz, O., Cromme, F.V., Grüninger-Leitch, F., Le Grice, S.F.J., 1989. Point mutations
in conserved amino acid residueswithin theC-terminal domain ofHIV-1 reverse
transcriptase speciﬁcally repress RNase H function. FEBS Letters 257, 311–
314.
Shvadchak, V., Sanglier, S., Rocle, S., Villa, P., Haiech, J., Hibert, M., Van
Dorsselaer, A., Mély, Y., de Rocquigny, H., 2009. Identiﬁcation by high
throughput screening of small compounds inhibiting the nucleic acid desta-
bilization activity of the HIV-1 nucleocapsid protein. Biochimie 91, 916–
923.
Telesnitsky, A., Goff, S.P., 1993. Strong-stop strand transfer during reverse transcrip-
tion. In: Skalka, A.M., Goff, S.P. (Eds.), Reverse Transcriptase. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY, pp. 49–83.
Thomas, J.A., Gorelick, R.J., 2008. Nucleocapsid protein function in early infection
processes. Virus Research 134, 39–63.
Tsuchihashi, Z., Brown,P.O., 1994.DNAstrandexchangeandselectiveDNAannealing
promoted by the human immunodeﬁciency virus type 1 nucleocapsid protein.
Journal of Virology 68, 5863–5870.
Warrilow, D., Tachedjian, G., Harrich, D., 2009. Maturation of the HIV reverse tran-
scription complex: putting the jigsaw together. Reviews in Medical Virology 19,
324–337.
Williams, M.C., Gorelick, R.J., Musier-Forsyth, K., 2002. Speciﬁc zinc-ﬁnger architec-
ture required for HIV-1 nucleocapsid protein’s nucleic acid chaperone function.
Proceedings of theNational Academy of Sciences of theUnited States of America
99, 8614–8619.
Williams, M.C., Rouzina, I., Wenner, J.R., Gorelick, R.J., Musier-Forsyth, K., Bloom-
ﬁeld, V.A., 2001. Mechanism for nucleic acid chaperone activity of HIV-1
nucleocapsid protein revealed by single molecule stretching. Proceedings of
the National Academy of Sciences of the United States of America 98, 6121–
6126.
Wisniewski, M., Chen, Y., Balakrishnan, M., Palaniappan, C., Roques, B.P., Fay,
P.J., Bambara, R.A., 2002. Substrate requirements for secondary cleavage by
HIV-1 reverse transcriptase RNase H. Journal of Biological Chemistry 277,
28400–28410.
Wu, T., Datta, S.A., Mitra, M., Gorelick, R.J., Rein, A., Levin, J.G., 2010. Fundamental
differences between the nucleic acid chaperone activities of HIV-1 nucleocapsid
protein and Gag or Gag-derived proteins: biological implications. Virology 405,
556–567.
Wu, T., Guo, J., Bess, J., Henderson, L.E., Levin, J.G., 1999. Molecular requirements for
human immunodeﬁciency virus type 1 plus-strand transfer: analysis in recon-
stituted and endogenous reverse transcription systems. Journal of Virology 73,
4794–4805.
Wu, T., Heilman-Miller, S.L., Levin, J.G., 2007. Effects of nucleic acid local structure
and magnesium ions on minus-strand transfer mediated by the nucleic acid
chaperone activity of HIV-1 nucleocapsid protein. Nucleic Acids Research 35,
3974–3987.
Wu, W., Henderson, L.E., Copeland, T.D., Gorelick, R.J., Bosche, W.J., Rein,
A., Levin, J.G., 1996. Human immunodeﬁciency virus type 1 nucleocap-
sid protein reduces reverse transcriptase pausing at a secondary structure
near the murine leukemia virus polypurine tract. Journal of Virology 70,
7132–7142.
Yin, P.D., Pathak, V.K., Rowan, A.E., Teufel II, R.J., Hu, W.-S., 1997. Utilization of non-
homologous minus-strand DNA transfer to generate recombinant retroviruses.
Journal of Virology 71, 2487–2494.
